Abstract-The ability to precisely localize RFID tags with low latency and low cost is desirable for applications such as inventory, asset tracking and robotic-manipulation of tagged items. However, because of multipath propagation effects, traditional RFID positioning methods based on RF Received Signal Strength Indication (RSSI) have limited accuracy (meter-scale) or require large numbers of reference tags and readers, which increases both latency and cost. Acoustic localization systems can be more precise, but typically require a battery-powered sensor platform, which both increases tag size, weight and limits tag lifetime. In addition, conventional acoustic localization systems are not integrated with existing RFID infrastructure. This paper presents a working prototype of a RFID-based system that localizes a custom battery-free, EPC Gen2-compatible UHF tag. The system uses the RFID communication channel for synchronization and inventory, and acoustic propagation delays for distance measurement.
I. INTRODUCTION
Outdoor localization technologies have enabled a diversity of influential location-aware applications. One of the most dominant localization systems is GPS, which enables locating mobile objects outdoors with meter-scale accuracy. Today, applications such as indoor human and robotic navigation, automatic robotic inventory handling, and other location-aware applications are creating demand for high-accuracy, low cost indoor location methods. However, due to the complexity of indoor environments, navigation systems that perform well outdoors often work poorly indoors [1] . Existing indoor localization techniques have a number of undesirable features, including susceptibility to multipath and noise, limited accuracy, and costly infrastructure.
A. Existing indoor localization systems and their challenges
Most indoor localization systems work by sensing quantities that change with the position of the object. Radio Frequency (RF) signals [2] , sound waves [3] , optical signals [4] or magnetic fields [5] have been used to determine location. By measuring the distance of the object to three or more known reference points, the object position can be estimated.
One appealing RF-based approach is to add localization to existing RFID technology [6] , [7] . RFID has readily available infrastructure, low-cost tags, and identification capabilities. However, RFID localization systems based on Received Signal Strength (RSSI) [1] are strongly affected by RF multi-path effects; these effects limit accuracy to meters. Some systems (such as LANDMARC [2] ) improve accuracy by using multiple readers and reference tags. However, this increases system cost and time for data analysis, which may be a challenge for high-speed mobile position-aware applications.
Generally, acoustic localization systems have better accuracy than RF-based systems, because it is straightforward to make time of flight measurements on slowly propagating acoustic signals, while distance estimates using RF signals must typically be made via less accurate amplitude (RSSI) measurements. Acoustic systems use Time of Arrival (ToA), Time Difference of Arrival (TDoA) [3] or Angle of Arrival (AoA) [8] , and have reported localization accuracies on the order of 1cm. A key shortcoming of existing acoustic systems, however, is their use of batteries, which results in sensor nodes with large size and weight as well as limited lifetimes. Some acoustic systems [3] require the acoustic source to transmit to the receiver node the time that its signal originated; in our system, RFID events provide synchronization, no transmission of the time of the origination of the ultrasound pulses is needed. Some systems measure acoustic round trip time; RFID synchronization allows us to measure distances using just reader-to-tag measurements. The use of a single timing measurement results in a system that is faster and lower power than systems based on round trip acoustic propagation.
In this paper, we aim to combine the best features of acoustic localization (high precision and technical simplicity) with the best features of RFID-based localization (absence of batteries, unlimited lifetime, light weight, small size, unique 978-1-4673-5750-0/13/$31.00 ©2013 IEEE 2013 IEEE International Conference on RFID identification of tags, as well as compatibility with existing RFID systems). We localize a battery-free RFID tag by measuring ToA of acoustic signals at the tag. Section II presents the localization method in detail, as well as the architecture of our prototype system. Section III presents experimental results and the characterization of the prototype. Table I compares our system to a representative collection of previous localization systems. The prior system that is most similar to ours is the Cricket localization syste [3] . The key differences are that our tag operates using RF power emitted by an RFID reader, unlike Cricket tags which are battery powered; and our system integrates with RFID infrastructure. For example, our trackable tags can perform the ordinary identification functions expected of RFID tags, and the RFID readers we use can read conventional RFID tags. Unlike some acoustic-only systems, our system does not need to transmit timing data to synchronize the acoustic transmitters and receiver. Unlike RF-only localization systems, our system does not require large numbers of readers and reference tags to reduce uncertainty. Our tag is able to localize itself relative to three acoustic transmitter beacons.
B. Comparison with prior work
II. SYSTEM OVERVIEW Our RFID localization system uses programmable EPC Gen2 UHF tags (WISP) [11] , an RF-powered sensing platform that includes a microcontroller. We augmented the WISP tags with either acoustic transmitters or a receiver (see Figures 1  and 3) . A passive WISP tag is localized by measuring the ToA of three ultrasound signal transmitted from a reference array of beacons. Three tag-beacon distances (d T 1 − d T 3 ) are obtained based on this measurement and the location of the tag can further be computed using trilateration. One off-the-shelf RFID reader is used to trigger the ultrasound transmission and detection as well as reads the ToA data encoded in each tag's ID. Another passive WISP tag works as a spy to monitor the communication between the passive tag and the reader and synchronizes the acoustic transmission between these two kinds of WISP tags using RFID events (Figure 4) .
A. System architecture
The localization prototype mainly consists of three parts : one localized WISP tag with ultrasonic receiver (WISP Rx), one spy WISP with an array of ultrasonic transmitters (WISP Tx) and one off-the-shelf RFID reader ( Figure 4) . 1) WISP Rx: A battery-free custom EPC Gen2 UHF tag with an integrated 25 kHz ultrasonic tone detector (see Figures 2 and 3) . A WISP harvests energy from an RFID communication link for RFID inventory to offer a power budget of hundreds of micro-watts for additional sensing and computation. In this paper, the WISP firmware is optimized for low power measurement of the ToA of ultrasound signal. The acoustic detection on this tag is also powered by harvested RF energy. The minimum detected Sound Pressure Level (SPL) of the detector is about 71.59 dB with power consumption of 80 µW . After an ACK command is sent to the WISP Rx, which concludes one tag read event, three ultrasonic signals are sequentially transmitted from three different beacons. WISP Rx is used for detecting the Time of Arrival (ToA) of these signals. Because the time of emission (ToE) of the ultrasound is known to WISP Rx (as we explain below), the measured ToA is the acoustic Time of Flight (ToF), which can be stored in the tag's memory and be sent to the RFID reader at the next inventory round.
2) WISP Tx: An active WISP tag with external 3.6 V power supply (can be an battery or the GPIO pin of the reader), which is placed closed to the reader. Its three output channels directly drive three 25 kHz ultrasonic ceramic transmitters (250ST180) with 80
• beaming angle. The WISP Tx needs the additional power supply rather than harvested RF power to allow the transmission of ultrasound with 102 dB SPL and a high ultrasound transmission rate. These transmitters are placed at known locations.
The WISP Tx works as a spy to eavesdrop on the communication between the RFID reader and the WISP Rx. It emits ultrasound pulses in sequence with known intervals at special RFID events. Because these RFID events are approximately synchronous in both WISP Rx and the WISP Tx, the ToE is therefore synchronized. In this way, the power used for actively sending timing information is saved as well. The function of sending back its EPC to the reader is disabled in the WISP Tx, but its duration is reserved to allow ultrasound transmission after the WISP Rx finishes its transmission of its Electronic Product Code (EPC). In this way, the WISP Tx does not interfere with the reader's reading activity, which varies with the tag population. Besides, we implemented a power-optimized firmware that aims to reduce the power cost, which may enable a passive WISP Tx in the future.
3) RFID reader: A commercial Impinj EPC Gen2 UHF reader. It powers and communicates with the WISP Rx by issuing inventory commands. By sending valid ACK commands to the WISP Rx, the reader helps to triggers the acoustic transmission from the acoustic transmitters in the WISP Tx, receives detected ToA packets from the WISP Rx and further computes the location information. B. Position measurement procedures 1) Measurement of ToA: Figure 5 demonstrates how our system receives a packet of ToA data through the RFID protocol. The RFID reader begins sending QUERY, QUERY ADJUST or QUERY REP commands (QUERYs) in order to detect a readable tag at the beginning of an inventory round. Generally, if a tag inside the RF field is ready to respond to the reader, it back-scatters a random 16-bit number RN16 to mark the inventory link between the reader and the tag. In order to synchronize the WISP Rx and the WISP Tx, we assign a special RN16 to WISP Rx and hard-code that RN16 inside WISP Rx's firmware. According to the EPC protocol, when a reader is ready to read the EPC code (the ID code of a RFID tag in EPC Gen2 RFID protocol) from a tag after receiving the tag's RN16, it will issue an Acknowledgment (ACK) command with the same RN16 to the tag (x in Figure 5 ). Typically, only the tag that initiates this RN16 will respond to this ACK by back-scattering its EPC code. However, in our system, the WISP Tx will not directly reply to any inventory commands issued by the reader as the WISP Rx does, instead, 2013 IEEE International Conference on RFID the WISP Tx just monitors its nearby RF field, parses detected reader command and triggers ultrasound transmission. Because the RFID related firmware and hardware in both WISP Tx and WISP Rx are similar, the time difference of receiving and processing RF signal between WISP Tx and WISP Rx is ignorable compared to the slower ultrasound propagation. That means the WISP Rx and Tx can almost detect reader's commands, change their RFID-related states at the same time if they are both powered on and thereby synchronizing each other with the RFID events. If the WISP Tx detects a valid ACK command (ACK with WISP Rx marked RN16), the WISP Tx and WISP Rx will process it at the same time (see x in Figure 5 ). Notes that it is possible that the WISP Rx misses the valid ACK while WISP Tx responds to it, however it will not impact the acoustic detection since the ultrasound detection is only enabled when WISP RX successfully process valid ACK. Compared to other acoustic localization systems [1] , [3] , our system do not need to actively send timing information to either acoustic receiver or transmitter for synchronization, therefore reducing power consumption and error caused by synchronizing acoustic signal.
The WISP Tx will transmit ultrasound signal at time T T i (i = 1 − 3) (i.e. the transmission time (ToE)), which begins at time y with interval ∆t T x in Figure 5 . The time y is one RFID state of WISP Rx in which the WISP Rx finishes back-scattering its EPC code to the reader. Notes that with known coordinates of three ultrasonic transmitters and the maximum reading range of the WISP tags, the transmission intervals ∆t T x are set to ensure no acoustic signal collisions. In addition, to reduce the power consumption of WISP Rx, the WISP Rx is set to be duty cycled (sleep period is shown between blue area on the left in Figure 5 ). The design of ultrasound emitting interval ∆t T x and the sleep intervals t sleep of WISP Rx during acoustic related events depends on the location of acoustic transmitters, and is explained below:
If d T ij indicates to the space between two transmitters i and j (i, j ∈ [1, 2, 3] in Figure 5 ) and t T ij is the ultrasound time of flight given distance d T ij (see Equation (3)), from Figure 5 , we can see that d T i refers to the distance between the WISP Rx and transmitter i, and we use t ∆T ij to represent the time difference of ultrasound propagation between distance d T i and d T j (Equation (2)). Generally, the WISP Rx will not be placed in between any two of the transmitters i,j, then because of the trigonometric conditions, it can be easily proven that:
therefore:
If we set the ultrasound transmission interval ∆t T x larger than max(t ∆T ij ), then no two emitted signals will arrive at the WISP Rx at the same time. Similarly, in the WISP Rx, if the interval between each arrival of ultrasound signal is t Rij = |T Ri − T Rj | shown in Figure 5 , then based on trigonometric conditions, it can be proven that t Rij ≥ −d T xij /v sound + ∆t T x . Since the ∆t T x and the location of acoustic transmitters are pre-configured, the detection sleep interval should be less than t Rij in order to minimize the time which the WISP Rx spends on waiting for all the ultrasound arriving. Because of the intervals' setting mentioned above, the relative location of each transmitter will limit the timings of ultrasound transmission and detection and thereby affecting the latency of the system. After successfully detecting all three ToA data T Ri (i = 1, 2, 3) , the WISP Rx will store them as one packet in its memory and then back-scatter it to the reader in the next inventory round (see in Figure 5 ) if the WISP Rx doesn't power-off. Note that if the WISP Rx can continuously powered on with sufficient power, it then can update the previous stored packet of ToA to the reader and measure new one at each sequential inventory round until powers off.
2) Computing location: If the reader obtain one packet of ToA from the without any detection time-out, then we say the reader receives one valid packet of ToA. The acoustic transmitter-to-WISP Rx distance d T i (see Figure 5 ) can then be computed using the speed of sound. However, due to the influence of environmental factors, such as temperature and humidity on sound speed, the ignored RF propagation and processing delay between the WISP Rx and the WISP Tx and the acoustic detecting delay caused by the analog detector, ToA measurement results may have some offset. So in order to improve the system accuracy, we use a first order polynomial line fit model to matching d T i and T Ri . The line fit model is pre-trained by several tested data with known location and can be expressed as 1, 2, 3) . Finally, we can calculate the position of WISP Rx with these calculated distances using triangulation.
III. EXPERIMENTS AND ANALYSIS

A. Experimental setup
To characterize the system, we conducted two sets of experiments in a typical lab/office environment. In Experiment A, the WISP Rx tag (to be localized) was placed on a grid of 6×7×2 locations in a volume that extended from 0.6m to 2.2m in the direction perpendicular to the WISP Tx plane, from −0.5m to +0.5m in the horizontal direction parallel to the WISP Tx plane, and from −13cm to +9cm in the vertical direction parallel to the Tx plane. A WISP Tx was placed near the RFID reader antenna in order to capture reader's commands. The reader was configured to transmit 30dBm output power into a 6 dBi circularly polarized antenna with the receive sensitivity of -80dBm. At each testing location, the reader continuously read the WISP Rx and received ToA packets for a period of 2 minutes. In order to analyze the impact of the limited harvested power on the WISP Rx, a second experiment, Experiment B, was conducted. An identical externally powered WISP Rx 2013 IEEE International Conference on RFID was placed at the same locations as the wirelessly powered WISP Rx and similar set of experiments were conducted. This allowed us to control for the effect of wireless power on system performance. Figure 6 (right side) shows a flowchart of the events that occur when the battery-free WISP Rx measures the ToA. The left side of the figure shows the energy cost of each event. The initial state in the flow chart (at the top of the right side) is the "WISP Rx start up" event, in which the WISP Rx is initially powered up using harvested RF energy, and sends its initial EPC code without ToA to the reader. This event happens before any acoustic detection. If enough energy is available, an acoustic detection event happens next (middle box in the flowchart). In this event, the WISP Rx measures the ToA information (three ToA value) and saves them. In the next inventory round, which is called the Send event (bottom box in the flowchart), the saved EPC is sent back to the reader. The start-up event is similar to the send event and costs roughly the same amount of energy. An upper bound on the energy required for a detection event is given by the energy cost of a detection timeout, which in the present system occurs at 10 ms (about 3 m range). The power consumption of the acoustic detector is 81 µW, so the net energy cost of 3 acoustic detection events is 2.4µJ. This energy is small compared to the communication costs shown in Figure 6 . Most of the energy is consumed by RFID communication.
B. Performance analysis
1) Power:
2) Accuracy and Precision: In spite of the environmental factors, the accuracy of the presented system depends mainly on three factors: the precision of the WISP Rx's detection hardware and firmware, the accuracy of the line fit matching model, and the software algorithm that calculates the final location. In this paper, we mainly discuss the second factor (i.e. the precision of this technique). So we will analyze the variance in the measured raw distance data after using line fit. In theory, the precision of the localization prototype is primarily limited by the accuracy of the acoustic tone-detector 
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and the resolution of the digital clock used for measuring ToA. Hence, the higher the frequency of the clock, the higher the precision of the detected distance. The WISP has a builtin low-power 32.768 kHz digital crystal which is used ToA measurement clock and results in a detection resolution of 1 cm. Additionally, the variance of attenuation of the acoustic signal during propagation and the variations in detection circuit affect the precision as well, however, these offsets can be roughly accounted in the line-fit model by training the distance-ToA data.
Assuming we use an ideal line-fit model, the standard deviation of estimated acoustic transmitter-to-WISP Rx distance is used to indicates the precision of the prototype. In Experiment A, the WISP Rx is able to measure single acoustic transmitterto-WISP Rx distance with the precision of 0 cm to 1.5 cm within the testing distance range of 0.6-2.2 m. Figures 7  to 9 show the accumulated precision of the measured distance based on raw ToA data (without signal processing) measured in each test location in Experiment A.
In principle, the precision of the distance measurement should be uniform in all test locations. However, experimentally we observe that precision changes with variation in measured distance. That is due to the fact that the received RF signal and the relative location and orientation of the acoustic sensors also have some impact the system precision. Generally, (see Figures 7 and 8) , as the WISP Rx moves away from the reader antenna, the harvested power reduces making the WISP power supply unstable. Since the ultrasound detecting circuit is vulnerable to the power supply, longer WISP Rxto-reader antenna distances experience larger variance in ToA measurement. Please note that since all data points are obtained within 2 mins window, when the WISP Rx was closer to the reader antenna, due to higher harvested power (and hence lower latency/duty cycle) more samples are collected. However, when the WISP Rx was very closed to the antenna (the blue rectangular area in Figure 7) , the strong transmitted RF signal interferes with the detecting circuit and decreases the detection precision (can also be seen in Figure 9 ). Additionally, due to RF multi-path effects and reflection from obstacles in the environment, higher RF power was received at some locations (such as the test point (170,17) in Figure 8 ) which improved the precision of the detection. Finally, the relative location between the WISP Rx and the ultrasonic transmitter plane also influences the performance. As the orientation of the WISP Rx departs from the vertical direction of the acoustic transmitter plane (the red triangular area in Figure 7) , the arriving ultrasound signal is not robust enough since it may fall outside the boundary of beam/ reactive pattern of the acoustic sensors. This results in increase in the variance of the measured distance.
3) Latency and update rate: The latency of our localization system is defined as the time taken by the reader to receive an updated valid packet of ToA from the WISP Rx. In literature, to scale the measurement speed, update rate, which is the reciprocal of latency has been used as well. In this work, we define the update rate as the number of updated valid ToA packets read by the reader within one second. Both latency and update rate in principle are limited by: WISP Rx inventory rate determined by the reader, the acoustic transmitter-to-tag distance (see Section II-B1) and the amount of harvested RF energy by WISP Rx.
In theory, the inventory rate of the WISP Rx is determined by the RFID communication protocol which varies with the reader (protocol) configuration and the tag population. Ideally, if only one RFID tag is present, there are no collisions and given sufficient RF power, the minimum latency t d in our system can be written as
where t W ISP is the duration of one WISP inventory round, which is determined by WISP Rx-to-reader antenna distance d and is limited by the RFID protocol used by the system. d T x is defined as the maximum acoustic transmitter-to-receiver distance. Since the acoustic transmitter array (placed at the vertices of the red triangle as shown in Figure 7 ) is placed near the reader's antenna, the acoustic transmitter-to-WISP Rx plane distance is approximately equal to d. From our experimental results (see Figures 10 and 11) , we observe that at each location, the available RF power constrains the system latency/update rate. Generally speaking, as the distance between the WISP Rx and the reader increases, the latency increases or equivalently, the update rate is reduced. Additionally, in some locations, the RF multi-path effects affect the latency by increasing the power available to the WISP (see Figures 10 and 11) . Please note that the harvested RF power also strongly depends on the relative orientation between the WISP antenna and the reader, thereby, affecting latency. Finally, since the orientation and location of acoustic sensors limit the detectability of the acoustic signal, in certain regions which correspond to detection boundary of the sensor, the update rate is very small (see test point (70,45) in Figure 11 ).
In Experiment B, we analyzed the relationship between available power and latency by comparing the latency and ToA event-detection count for a battery-free WISP Rx (passive) and a power supply-powered WISP Rx (active). Table II shows the degradation of latency and detection rates due to lack of power during the ToA measurement. As the distance between the WISP Rx and the reader increases, it is more likely for the WISP Rx to power off and reboot during a ToA measurement. This effect degrades the latency of the system (the successful detection in Table II refer to the event when the reader receives valid ToA measurement data). Please note that since the RF multi-path and antenna orientation determine the power harvested by the WISP Rx, the trend in latency or update rate is not consist with change of distance ( see test point (170,17) shown in Table II) . If the efficiency of the RF harvester and WISP antenna is improved, more power can be harvested, thereby better latency can be obtained by our system.
4) Range:
We define the range of our system as the maximum orthogonal distance between the WISP Rx and the WISP TX plane at which the system is operational. This is mainly limited by the harvested energy and the zone/area of the acoustic signal detection. The goal of the two conducted experiments was to analyze the limitations caused by harvested energy. Hence, to ensure acoustic detectability at the range of 5 m, we transmitted sufficiently high acoustic signal (97.1 dB SPL). The tested maximum operating range for our battery free prototype was 2.2m. If the prototype is optimized for long range operation, and placed at locations where the WISP Rx has optimal RF and acoustic sensitivity, the maximum achieved localization range is 3 m. Please note that in these experiments, the beaming and reactive angle (80
• ) of acoustic sensors also limit the ultrasound detection 3D area and therefore limits the range in some other directions.
According to the Friis Transmission Equation, if we assume a line-of-sight propagation of the transmitted RF signal from the reader with no RF interference, using Equations (6) and (7), we can compute that the maximum achievable measurement range is 6 m with a latency of about 3 minutes:
Where P r (−10 dBm) is the receive sensitivity of the WISP and P t (30 dBm) is the transmitted RF power of the RFID reader. G t and G r are the antenna gain of the reader and the WISP, which are 6 dBi and 2 dBi respectively. The minimum efficiency η of the energy harvester of the WISP (within 5 m of the reader) is 5%. The leakage tolerance parameter α is estimated as 85%. The estimated total energy E locate used to update one packet of ToA information is 731 µJ. If the energy harvesting capability of the WISP is improved using better harvester and antenna design, the operating range can be extended.
C. System analysis and future work The power consumption of the WISP Rx and its energy harvesting efficiency during measurement are two significant factors that determine our system's properties. The power consumed by digital computation is the most significant contributor in our prototype. The relationship between power consumption, precision, range, and latency and our tested system performance are shown in Figure 12 . If the power available to the WISP Rx increases, the overall performance of the system improves. Reducing the latency of the system would average out the measurement noise in a given period and thereby, increase precision. However, increase in detection distance would increase acoustic propagation, energy harvesting time, and the WISP inventory time, thereby increasing the latency.
As the digital circuits scale down, the digital processing on the WISP Rx will consume less power, thereby reducing the WISP Rx's power requirements. Alternately, instead of digital backscattering, we can use zero/low power analog backscatter method [12] to transfer the measurement of ToA on the reader side, thereby increase the operating range and latency of our 2013 IEEE International Conference on RFID system. Additionally, deployment of more efficient energy harvesting topologies and implementation of an Integrated Circuit, would offer an increased energy budget. Using these techniques, we can further improve the performance of our system. Please note that our localization system is based on the RFID EPC Gen2 protocol, which is not designed for high communication data rates. Currently, the upper limit of our system's latency is limited by the protocol. However, with the development of the RFID protocol, our system can achieve higher RFID data rates and therefore achieve better localization latency and precision. However, as the protocol improves, the latency of our localization system will be limited more by the acoustic propagation range rather than the RFID protocol, so better acoustic transmission or detection methods, such as frequency hopping and phase detection, will be be researched to reduce the limit.
In the future, we will use better real-time algorithms to process ToA to improve precision, analyze the system accuracy based on ground truth data, and test our system's mobilelocalization performance. Besides, we plan to explore analog backscattering ultrasound signals to improve the localization capabilities. In addition, the ultrasound transducer used in this paper is fairly large, and not compatible with the thin "sticker" form factor of RFID tags. An open question is whether flat acoustic transducers, such as ultra-thin piezoelectric films or MEMS sensors, could be used to create acoustically localizable RFID tags with the same thin form factor as today's conventional RFID tags.
IV. CONCLUSION
This paper presents a novel high-precision RFID localization system based on acoustic ToA. The system can locate a battery-free EPC Gen2 UHF WISP tag with ultrasound detectors using a commercial reader and three acoustic reference beacons. The system uses an extra spy WISP tag to synchronize the acoustic signals to the RFID events. The advantage of this system is its ability to measure tag-to-beacon distance using battery-free, RF-powered, RFID compatible tags. A working prototype system was built and tested in a lab environment. The system provides measurement precision of 1.5cm, latency of 0.7s (mean), and maximum range of 2.2m. 
